GM2 elevation in activated glia
solution in sterile saline) twice at 0 h and 2 h. DMSO (SigmaAldrich, St. Louis, MO) (5 ml/kg or 10 ml/kg) was injected intraperitoneally into P7 C57BL/6By mice according to a method that induces neurodegeneration in P7 mice ( 39 ) . Two microliters of saline or LPS (Sigma-Aldrich; serotype, 0127:B8) (1 mg/kg) in saline were injected intracerebrally into P7 C57BL/6By mice according to a method that induces brain injury, including astrogliosis, in P5 rats ( 40 ) . Mice were kept with dams until brains were removed and processed for lipid analyses and immunohistochemical studies. In KO mice and their littermate WT mice, right hemispheres were used for lipid analyses and the left hemispheres were fi xed in fi xation solution for immunohistochemistry. For C57BL/6By mice, perfusion fi xation was carried out for immunohistochemistry. Four to ten animals (C57BL/6By, GalNAcT KO, and littermate WT mice) derived from four to six litters were used for each data point.
Lipid analysis
Whole brains or hemispheres were freshly isolated 24 h after treatment with ethanol, DMSO, LPS, or saline and were immediately soaked in 20 vol of a mixture of methyl-tert-butyl ether and methanol (1:1, v/v) on ice and kept for 1 week at 4°C to extract total lipids. The total lipid extracts were partitioned according to the method of Matyash et al. ( 41 ) . The lower aqueous-methanol phase containing gangliosides was evaporated to dryness, applied to high-performance TLC (HPTLC) plates, and developed with chloroform/methanol/0.25% KCl (5:4:1) ( 42 ) . The plates including various concentrations of GM2 standards were stained with an orcinol reagent, scanned with the Odyssey infrared system (LI-COR Biosciences, Lincoln, NE), and analyzed by Multi Gauge ver.2.0 (Fujifi lm USA Medical Systems, Stamford, CT). The concentration of each ganglioside (presented as nanograms per milligram wet weight of brain) was calculated using GM2 standards. The upper organic methyl-tert-butyl ether phase obtained by the partition described above was evaporated to dryness and separated into neutral and acidic lipids using DEAESephadex columns as described ( 43 ) . The neutral lipid fraction (containing ceramide, cholesterol, TG, ChE, etc.) and various concentrations of ceramide, TG, and ChE standards were applied on HPTLC plates and developed fi rst with hexane/ethyl acetate/water/acetic acid (3:4:5:2) until the solvent front ascended to 4 cm from origin, second with hexane/methyl-tert-butyl ether/acetic acid (65:35:2) until 6.5 cm, and third with hexane/ methyl-tert-butyl ether/acetic acid (98/2/1 ) until 9 cm above origin. The acidic lipid fraction (containing NAPE, phosphatidic acid, sulfatide, etc.) and various concentrations of NAPE were developed on HPTLC with acetone/benzene/acetic acid/ water (20:30:4:1). After development plates were fi rst dipped in 20% methanol and then stained in 0.0001% primuline as described ( 44 ) . Then, fl uorescent lipid bands were scanned with the Gel Logic molecular imaging system (Carestream Health, Rochester, NY), and the concentrations of ceramide, TG, ChE, and NAPE (presented as nanograms per milligram wet weight of brain) were calculated from the corresponding standard lipids using Carestream Molecular Imaging software.
Immunohistochemistry
Twenty-four to 48 h after the fi rst ethanol injection, C57BL/6By mice were perfusion-fi xed, as described previously ( 13 ) , and the brain hemispheres from GalNAcT KO and littermate WT mice were immediately fi xed in 4% paraformaldehyde solution at 4°C overnight. The fi xed brains or hemispheres were transferred to phosphate-buffered saline solution and kept at 4°C for 2-5 days until cutting 50 m-thick vibratome sections. The free-fl oating sections were immunostained using anti-GM2 antibody (a mouse detected in mitochondria and lysosomes in neurons, and GM2, as well as GD3 ganglioside, enhances cytochrome c release from isolated mitochondria ( 16 ) , suggesting that GM2 may be involved in mitochondria-mediated apoptosis, as indicated for GD3 in CD95/Fas-mediated apoptosis in lymphocytes ( 21 ) .
It has been shown that while GM2 is normally a minor ganglioside in the nervous system, it is transiently elevated during a restricted period of brain development ( 22 ) and signifi cantly elevated not only in the brain of GM2 gangliosidosis, but also in the brain of other lysosomal storage disorders such as Niemann-Pick C disease, mucolipidosis IV, and mucopolysaccharidoses (23) (24) (25) (26) (27) (28) (29) (30) . In addition, accumulation of GM2 has been observed in neurodegenerative diseases such as Alzheimer disease (31) (32) (33) and Angelmanlike syndrome ( 34 ) , and in rodent acute brain injury models such as blast-induced mild traumatic brain injury ( 35 ) and a transient focal cerebral ischemia model ( 36 ) . However, the mechanisms behind and the roles of accumulated GM2 have not been well elucidated.
In order to explore the possible involvement of accumulated GM2 in neurodegeneration and glial activation, the present study compared the effects of ethanol between WT mice and mice with a disrupted B4galnt1 gene encoding for GM2/GD2 synthase (GalNAcT), which leads to depletion of GM2, GD2, and all downstream gangliosides ( 37, 38 ) . We found that ethanol increased the number of glial fi brillary acidic protein-positive (GFAP + ) astrocytes in WT mice, in which punctate immunostaining of GM2 was detected in addition to previously reported GM2 accumulation in neurons and activated microglia ( 16 ) . In the GalNAcT KO mice, while ethanol still induced neurodegeneration and accumulation of GD3 and GM3 in activated microglia, the increase in GFAP + astrocytes was now abolished. We further found that not only ethanol, but also DMSO and lipopolysaccharide (LPS) treatments, induced GM2 accumulation in activated microglia and astrocytes in P7 WT mice. Thus GM2 accumulation appears to be linked to glial activation in the injured developing brain.
MATERIALS AND METHODS

Animals
C57BL/6By mice were maintained at the animal facility of the Nathan S. Kline Institute for Psychiatric Research. All procedures followed guidelines consistent with those developed by the National Institutes of Health and the Institutional Animal Care and Use Committee of Nathan S. Kline Institute. GalNAcT KO ( 37 ) and the WT mice (C57BL/6J background) were maintained and bred in the animal facility of Rutgers-New Jersey Medical School. Genotyping was done by Transnetyx (Cordova, TN) using tail tips.
brain, data from four to fi ve sections (each 50 m thick) were averaged and four brains per group were analyzed. Photomicrographs were taken using 4×, 10×, 20×, 40×, or 100× objectives with a Nikon Eclipse TE2000 inverted microscope equipped with a DXM1200F digital camera.
Statistics
Values in the fi gures and tables are expressed as mean ± SEM obtained from 4 to 10 samples. Statistical analyses of the data were performed by two-tailed Student's t -test and one-or two-way ANOVA using the SPSS statistics 22.0 program. A P value of <0.05 was considered signifi cant.
RESULTS
Ethanol-induced neurodegeneration in P7 mice accompanies GM2 accumulation in microglia which engulf degenerating neurons
We have reported previously that ethanol exposure in P7 mice, which induces widespread apoptotic neurodegeneration and microglial activation within a day (12) (13) (14) , increases GM2 ganglioside mainly in lysosomes/late endosomes of activated microglia ( 16 ) , which appear to engulf degenerating neurons ( 14 ) . Neurodegeneration was detected by FJ staining in many brain areas, including layers IV/V of the primary somatosensory cortex and the cingulate/ retrosplenial cortex 24 h after ethanol exposure in P7 mice ( Fig. 1A ). In these brain sections, morphologically activated microglia, which were immunopositive for both Iba-1 (specifi c to microglia/macrophages) and CD68 (enriched in phagocytes) ( Fig. 1F ) , showed a distribution pattern monoclonal antibody from hybridoma clone 10-11, provided by Dr. Kostantin Dobrenis), anti-GD3 antibody (Seikagaku Biobusiness, Tokyo, Japan), anti-GM3 antibody (Cosmo Bio, Carlsbad, CA), anti-cathepsin D (CatD) antibody (provided by Dr. Mohan Panaiyur, Nathan Kline Institute), anti-CD68 antibody (AbD Serotec, Bio-Rad, Hercules, CA), anti-Iba-1 antibody (Wako Chemicals, Richmond, VA), anti-GFAP antibody (Millipore, Temecula, CA), and/or anti-LAMP1 antibody (Cell Signaling Technology, Danvers, MA) by a dual immunofl uorescence method as described previously ( 13 ) . Fluoro-Jade C (FJ) (Millipore) staining was performed according to the manufacturer's instruction. The extent of neurodegeneration detected by FJ staining was quantifi ed in the cingulate cortex. The number of FJ-positive (FJ + ) cells in each area of interest and the area of the area of interest were measured using the Image-Pro software version.4.5 (MediaCybernetics, Silver Spring, MD). The boundary of the cingulate cortex was defi ned in accordance with ( 45 ) . FJ appeared to stain not only irregular-shaped degenerating cell bodies, but also other structures such as fragmented axons and dendrites. For quantifi cation, only the degenerating cell bodies were counted. Automatic cell counting after correction (splitting adjacent cells and excluding artifacts) gave similar results to those of manual counting. The extent of neurodegeneration was expressed as the number of FJ + cells per square millimeter in the cingulate cortex. For each brain, data from three consecutive sections (each 50 m thick) were averaged and four brains (from four different litters) per treatment group were analyzed. The density of GFAP + cells in layers IV/V of the primary somatosensory cortex forelimb/hindlimb region (S1FL/HL) defi ned in accordance with ( 45 ) were calculated as described above for FJ 
Ethanol induces neurodegeneration and GD3/GM3 accumulation in activated microglia, but does not increase the number of astrocytes in GalNAcT KO mice
In order to explore the mechanisms behind, and the signifi cance of, GM2 accumulation in activated microglia and astrocytes, GalNAcT KO mice, which lack GM2, GD2, and downstream gangliosides, were injected with ethanol at P7 in the same manner as for the WT mice. Ethanol exposure in P7 KO mice induced neurodegeneration and microglial activation ( Fig. 3A ) similar to littermate WT mice and to C57BL/6By mice ( Fig. 1 ) , although the number of FJ + cells in the cingulate cortex, where neurodegeneration was robust, was signifi cantly higher in ethanoltreated KO mice than in ethanol-treated WT mice 24 h after ethanol exposure ( Fig. 3B, C ) . Here two-way ANOVA indicated that there was a highly signifi cant main effect of genotype [WT versus KO; F(1,13) = 16.2, P < 0.001], in addition to the main effect of treatment [saline versus ethanol; F(1,13) = 177.3, P < 0.001]. Student's t -test also showed a signifi cant difference ( P = 0.0035) between ethanol-treated WT and KO mice.
Ethanol-induced neurodegeneration in KO mice was accompanied by changes in lipid profi les. Table 1 shows the comparison of the effects of ethanol on brain lipid profi les between KO and WT mice. GD3, GM3, and 9-Oacetyl GD3 were major gangliosides in the KO brain because of the deletion of GalNAcT, as previously reported ( 37, 38, 46 ) , and ethanol treatment further increased amounts of these gangliosides. We have shown previously not only GM2, but also other lipids, specifi cally ceramide, TG, ChE, and NAPE, increased in the ethanol-treated P7 mouse brain, and the elevation of these lipids appeared to be correlated with the severity of neural cell damage/ death ( 15, 17 ) . Our previous studies using cultured neurons ( 47 ) or P7 mice ( 15, 17 ) also suggest that the elevation of these lipids is partially due to enhanced lipogenesis and de novo ceramide synthesis by ethanol treatment. While we are not able to eliminate the possibility that ethanol increases the entry of serum lipids into the brain, our previous studies showing brain region-specifi c accumulation of TG, ChE, and NAPE ( 17 ), different accumulation kinetics among these lipids ( 15 ) , and the different effects of neuroprotective agents on each lipid content ( 17, 48 ) suggest that the entry of serum lipids is not a major cause of the observed lipid elevation in the brain. Table 1 shows that ceramide, ChE, and NAPE also increased in KO mice treated with ethanol, although the elevation of TG did not reach a statistically signifi cant level.
The cellular distribution of GD3 and GM3 in ethanoltreated KO mice was examined, as shown in Fig. 4 . While low level diffuse immunostaining of GD3 and GM3 was detected throughout the control KO brain, ethanol treatment induced brighter aggregated or punctate staining for GD3 and GM3 mostly in activated microglia in Area I, while punctate GD3 or GM3 staining was hardly observed in Area II (the deep cortical layers/white matter area) ( Fig. 4A, B ) . Ethanol also increased CatD levels in cells containing aggregated GD3 in Area I ( Fig. 4C ), which were mostly activated microglia ( Fig. 4A, B ) . It appeared that the aggregated similar to that of degenerating neurons ( Fig. 1B ) , although some of the Iba-1 + CD68
+ cells could have been perivascular or invaded peripheral mononuclear macrophages. Dual labeling with FJ and anti-Iba-1 antibody showed that FJ staining was frequently localized in morphologically activated microglia ( Fig. 1E ), suggesting that degenerating neurons were phagocytosed by activated microglia. In the control (saline-treated) brain, FJ + cells were barely detected ( Fig. 1C ) , and Iba-1 + cells, which were mostly identifi ed as resting microglia ( Fig. 1G ) except for amoeboid microglia in the corpus callosum (data not shown), were evenly distributed in the cortex ( Fig. 1D ) . These activated microglia in the ethanol-treated brain generally displayed punctate anti-GM2 immunostaining, which was barely detectable in the control brain ( Fig. 1G ) .
Ethanol exposure in P7 mice increases GFAP + astrocytes that accumulate GM2 in late endosomes/lysosomes
Time course studies ( Fig. 2A ) revealed that GM2 accumulation in activated microglia in layers IV/V of the primary somatosensory cortex shown in Fig. 1 (Area I in Fig. 2D ) peaked 24 h after ethanol injection, but decreased 32 h after ethanol treatment, when punctate GM2 immunostaining was observed mainly in GFAP + cells with the morphology of astrocytes. Forty-eight hours after ethanol exposure, the majority of microglia showed morphology of resting microglia with no GM2 expression, while some astrocytes still remained GM2-positive. Figure 2B shows percentages of GM2 + Iba-1 + cells in total Iba-1 + cells and percentages of GM2 + GFAP + cells in total GFAP + cells, respectively. The cells were counted in Area I during the time course as described in the Materials and Methods. The punctate GM2 immunostaining found 32 h after ethanol exposure was frequently colocalized with LAMP1 and CatD immunolabeling ( Fig. 2C ) , suggesting that GM2 accumulated in lysosomes/late phagosomes/late endosomes in astrocytes, as previously shown for activated microglia ( 16 ) , because 93 ± 1.7% (mean ± SD of four animals) of GM2 + punctate immunostaining was localized in GFAP + cells at this time point. The ethanol-induced staining for GM2 in astrocytes was observed not only in regions enriched in activated microglia/degenerating neurons, such as Area I, but also in the deep cortical layer/white matter near the cingulum and external capsule (Area II in Fig. 2D ). Figure 2E shows such GM2 immunostaining in GFAP + cells in Area II. There were few degenerating neurons detected by FJ staining or morphologically activated microglia in Area II ( Fig. 1A ) , although degenerating axons and dendrites have been detected in this region in our previous studies ( 14 ) . Unlike Area I, where GM2 was mainly localized in activated microglia at 24 h after ethanol exposure ( Fig. 2A ) , 90 ± 3.3% (mean ± SD from three animals) of the punctate GM2 immunostaining in Area II was found in astrocytes at 24 h. This GM2 staining in Area II also colocalized with CatD. In the control brain, GM2 staining was hardly detected, as previously reported ( 16 ) , and the number of GFAP + astrocytes appeared less compared with that of ethanol-treated brain in both Areas I and II ( Fig. 2D ) . degradation pathway in activated microglia, brain gangliosides were analyzed 24 or 48 h after P7 WT and KO mice were exposed to ethanol ( Fig. 5A ). In agreement with our previous studies ( 16 ), GM2 elevation induced by ethanol in the WT brain decreased greatly 48 h after the treatment. However, GM3 elevation in the KO mice remained high 48 h GD3 was partially colocalized with CatD, a lysosomal marker ( Fig. 4C, D ) . The aggregated GD3 staining was not detected in either control or ethanol-treated WT brains, although light and diffuse GD3 staining was observed in neurons and glia of WT brains (data not shown). In order to examine further the possible accumulation of GD3/GM3 in the (8, 24, 32 , and 48 h), brains were removed and the sections were dual-labeled with anti-GM2 (green) and anti-Iba-1 (red) antibodies, or anti-GM2 (green) and anti-GFAP (red) antibodies. GM2, which was abundant in microglia 24 h after ethanol treatment, almost disappeared from these cells by 32 h, and GM2 was subsequently found in astrocytes. Scale bar = 20 m. B: The percentage of Iba-1 + and GFAP + cells that were GM2 + was determined in Area I [indicated in (D)] 8, 24, 32, and 48 h after ethanol exposure, as described in the Materials and Methods. C: Thirty-two hours after ethanol exposure in P7 C57BL/6By mice, brains were removed and the sections were dual-labeled with anti-GM2 and anti-LAMP1 antibodies, or anti-GM2 and anti-CatD antibodies. The images indicate partial colocalization of GM2 with LAMP1 and CatD, lysosomal markers. Scale bar = 5 m. D: Brain sections from P7 C57BL/6By mice perfusion-fi xed 24 h after ethanol (EtOH) or saline (Ctr) exposure were immunostained with anti-GFAP antibody. The images show the cortex area: Area I corresponds to layers IV/V of the primary somatosensory cortex in Fig. 1A , and Area II corresponds to the deep cortical layer/white matter near the cingulum and external capsule. Ethanol treatment increased GFAP + astrocytes in Areas I and II. Scale bar = 100 m. E: Brain sections prepared as described in (D) were dual stained with anti-GM2 (green) and anti-GFAP (red) antibody. The images are taken from the Area II region and show evidence of GM2 in astrocytes. Scale bar = 20 m.
by guest, on November 7, 2016 www.jlr.org Downloaded from brain, which may be derived from degenerating neurons, were similarly accumulated in activated microglia, although clearance of these gangliosides appeared to be less effi cient in KO mice. In contrast, the effects of ethanol on astrocyte activation and the ganglioside expression in astrocytes were clearly different between WT and KO mice. Twenty-four hours after ethanol injection, the number of GFAP + astrocytes increased in the WT brain ( Fig. 6A, B ) and GM2 + after ethanol exposure, although GD3 elevation was no longer detected. The accumulated GM3 observed 48 h after ethanol treatment was typically localized in microglia in layers IV/V of the S1 cortex ( Fig. 5B ) . Also, the microglia in this region were frequently colabeled with FJ staining, and those FJ + microglia were much more abundant in KO mice than in WT mice 48 h after ethanol treatment ( Fig. 5C, D ) . Thus, GM2 in the WT brain and GD3/GM3 in the KO used in the present study ( Fig. 6D ) . Because ethanol appeared to increase the number of GFAP + astrocytes ( Fig. 6A,  B ) in the WT brain, we compared the number of GFAP + astrocytes in Area I, specifi cally in layers IV/V of the S1 cortex, 24 h after saline/ethanol exposure in P7 WT and KO mice ( Fig. 7 ) . ANOVA indicated that the main effect of treatment (saline/ethanol) was signifi cant [F(1,12) = 16.8, P = 0.001]. However, there was a signifi cant interaction astrocytes were detected in Area II ( Fig. 6A ) . However, while punctate GD3 or GM3 staining was sometimes observed in astrocytes in Area I, such GM3 or GD3 staining was rarely detected in Area II in the KO mice exposed to ethanol ( Fig.  6C ) , and as shown in Fig. 4 , GM3 + as well as GD3 + aggregates were mostly found in activated microglia in Area I. As expected, GM2 immunostaining was not detected in KO mice, further confi rming the specifi city of GM2 antibody P7 WT and KO mice were exposed to saline (Ctr) or ethanol (EtOH) at P7, and the amounts of gangliosides, ceramide, NAPE, TG, and ChE of the brain taken after 24 h were analyzed, as described in the Materials and Methods, and presented as nanograms per milligram wet weight of brain. Ganglioside nomenclature follows Svennerholm ( 79 ) . 9acGD3, 9-O -acetyl GD3; n.d., not detected. a P < 0.05, signifi cantly different between the ethanol and control groups by Student's t -test. b P < 0.01, signifi cantly different between the ethanol and control groups by Student's t -test.
Fig. 4.
Ethanol-induced aggregated or punctate immunostaining of GD3 and GM3 in activated microglia in the KO mice. A: Twenty-four hours after P7 KO mice were treated with ethanol (EtOH) or saline (Ctr), brains were taken and the sections were duallabeled using anti-GD3 (green) and anti-Iba-1 (red) antibody. Punctate or aggregated GD3, only observed in the ethanol-treated brain, was detected mainly in activated microglia. Scale bar = 20 m. B: Under the same experimental conditions, punctate or aggregated GM3 was also found in activated microglia in ethanol-treated KO mice, while aggregated or punctate GM3 staining was rarely detected in control KO mice. Scale bar = 20 m. C: Brain sections taken from KO mice 24 h after ethanol exposure were dual-labeled with anti-GD3 (green) and anti-CatD (red) antibody. Punctate or aggregated GD3 was frequently colocalized with CatD. Scale bar = 50 m. D: A sample cell dual-labeled with anti-GD3 and anti-CatD antibody, as described in (C), examined with a higher magnifi cation objective. Scale bar = 10 m.
by guest, on November 7, 2016 www.jlr.org Downloaded from GFAP + astrocytes in P7 WT mice treated with ethanol agreed with a previous study indicating that ethanol exposure in neonatal rats (between P4 and P10) increased GFAP expression in cortical layer V ( 3 ). 5 . Accumulation of GM3 and FJ staining in microglia 48 h after ethanol treatment. A: Twenty-four or 48 h after P7 WT and KO mice were exposed to saline/ethanol, brain gangliosides were analyzed, as described in the Materials and Methods. The amounts of gangliosides (GM3, GM2, and GD3) in WT or KO mice 48 h after ethanol exposure are expressed as ratios to the amounts of 24 h control (Ctr) samples. * P < 0.05, the value is signifi cantly different from the 24 h control group by one-way ANOVA with Bonferroni's post hoc test. B: Forty-eight hours after P7 WT and KO mice were treated with ethanol, brains were taken, and the sections were dual-labeled with anti-Iba-1 (green) and anti-GM3 (red) or anti-GM2 (red) antibody. antibodies. GM2 was hardly detected in the control brain in both Area I and Area II. Scale bar = 100 m. C: Twenty-four hours after P7 KO mice were exposed to ethanol, brains were harvested and the sections were dual-labeled with anti-GFAP (red) antibody and anti-GM3 or anti-GD3 (green) antibody. GM3 and GD3 immunostaining was hardly detected in Area II. Scale bar = 100 m. D: Twenty-four hours after P7 KO mice were exposed to ethanol, brains were removed and the sections were dual-labeled with anti-GM2 (green) and anti-GFAP antibody (red). As expected, GM2 was not stained in KO mice. E: Twenty-four hours after P7 WT mice were exposed to ethanol, brains were removed and the sections were duallabeled with anti-GM2 (green) and anti-GFAP (red) antibody. GM2 staining was detected in astrocytes in both Area I and Area II.
between genotype and treatment [F(1,12) = 17.8, P = 0.001], and the number of GFAP + astrocytes signifi cantly ( P = 0.003, by Student's t -test) increased in WT mice exposed to ethanol, but not in KO mice. The increase in Fig. 7 . The effects of ethanol on the number of GFAP + cells in WT and KO mice. A: Brains were harvested 24 h after WT and KO mice were exposed to saline (Ctr) or ethanol (EtOH) at P7, and brain sections were immunostained with anti-GFAP antibody. Scale bar = 100 m. B: The density of GFAP + cells in layers IV/V of the S1 cortex were calculated, as described in the Materials and Methods, using brain sections including those shown in (A).
GM2 elevation occurs in microglia and/or astrocytes of P7 mice treated with DMSO and LPS
The above results suggested that there may be a relationship between ethanol-induced GM2 elevation and glial activation. We then tested the possibility that treatments other than ethanol, which are known to induce neurodegeneration and/or glial activation, increase GM2 levels in the developing brain. It has been shown that DMSO, like ethanol, induces neurodegeneration in P7 mice ( 39 ) . Therefore, lipid profi les of the brain harvested 24 h after the intraperitoneal injection of DMSO into P7 C57BL/6By mice were analyzed as described in the Materials and Methods. As shown in Table 2 , elevation of GM2 was observed in the brain treated with 10 ml/kg of DMSO. This dose of DMSO has been shown to induce widespread caspase-3 activation in the P7 brain ( 39 ) . In addition to the increase in GM2, there were highly signifi cant increases in NAPE and ChE, as observed in ethanol-induced neurodegeneration ( Table 1 ) ( 15, 17 ) . Immunohistochemical studies ( Fig. 8A, B ) revealed that punctate GM2 staining was localized in activated microglia and GFAP + astrocytes in Areas I and II in a manner similar to ethanol exposure. FJ + cells were also observed in the cingulate cortex region ( Fig. 8C ) , although less robust in comparison with ethanol-treated samples. We also examined the effects of intracerebral injection of LPS on the brain of P7 C57BL/6By mice, using a method that induces glial activation in the early postnatal rat brain ( 40 ) . As shown in Table 3 , LPS induced signifi cant increases in GM2, NAPE, and ChE, although these increases were less prominent compared with ethanol or DMSO treatment, and the ceramide levels were unchanged. These more modest changes may be Twenty-four hours after P7 C57BL/6By mice were exposed to 10 ml/kg of saline (Ctr), 5 ml/kg of DMSO, or 10 ml/kg of DMSO, brains were taken, and the amounts of GM2, ceramide, NAPE, TG, and ChE were analyzed as described in the Materials and Methods, and presented as nanograms per milligram wet weight of brain.
a P < 0.05, the value is signifi cantly different from the saline group by one-way ANOVA with Bonferroni's post hoc test. b P < 0.001, the value is signifi cantly different from the saline group by one-way ANOVA with Bonferroni's post hoc test. Fig. 8 . GM2 accumulation in microglia and astrocytes in the brain of mice exposed to DMSO. A: P7 C57BL/6By mice were injected with DMSO (5 ml/kg or 10 ml/kg) intraperitoneally, and the brain was perfusion-fi xed 24 h after the injection. Brain sections were dual-labeled with anti-GM2 (green) and anti-Iba-1 (red) antibody. GM2 was observed in most of the activated microglia in Area I. Scale bar = 50 m. B: The sections from brains treated with 10 ml/kg of DMSO were dual-labeled with anti-GM2 (green) and anti-GFAP (red) antibody. GM2 was localized also in astrocytes, especially in Area II. Scale bar = 20 m. C: The sections from brains treated with 5 or 10 ml/kg of DMSO were stained with FJ. The images show the cingulate cortex region. Scale bar = 50 m. related to the observation that degenerating neurons were hardly detected by FJ staining 24 h after LPS treatment (data not shown). However, LPS increased the number of GFAP + astrocytes ( Fig. 9B ) compared with the control ( Fig. 9E ) as reported in neonatal rats ( 40 ) , and punctate GM2 immunostaining was frequently detected in astrocytes ( Fig. 9C, D ) in ipsilateral sites of the brain ( Fig. 9F ) . These GFAP + astrocytes were more evenly distributed in the cortex than the ethanol-treated brain ( Figs. 2D, 6A ) , and some of the punctate GM2 were colocalized with CatD ( Fig. 9H ) , as observed in the ethanol-treated brain ( Fig.  2C ) . In the LPS-treated brain, GM2 was barely detected in microglia ( Fig. 9G ) , and morphologically activated microglia were scant and were not concentrated in Area I. Thus, GM2 accumulation occurred not only by ethanol treatment, but also by other treatments known to induce neurodegeneration and glial activation.
DISCUSSION
We have shown here that ethanol, DMSO, and LPS treatments, which induce acute neurodegeneration and/or glial activation in the P7 mouse brain, caused elevation of GM2 ganglioside in activated microglia and astrocytes, suggesting that GM2 elevation is associated with glial activation in the developing brain.
Our previous studies ( 16 ) have demonstrated that ethanolinduced neurodegeneration and the associated microglial activation in the neonatal brain are accompanied by GM2 accumulation in lysosomes/late phagosomes/late endosomes in activated microglia, which appear to engulf degenerating neurons ( 14 ) . This notion was further supported by the present study, which indicated that microglia activated by ethanol were positive for CD68 ( Fig. 1F ) , a presumed marker for phagocytic cells ( 49 ) , and that FJ staining, that labeled degenerating neurons and their fragments, was often localized in these phagocytic microglia ( Fig. 1E ) . The current study, using GalNAcT KO mice, showed that ethanol triggered robust neurodegeneration and surrounding microglial activation in these mice ( Fig. 3 ) , which were associated with accumulation of GD3 and GM3 (major gangliosides in the KO mice) in lysosomes of activated microglia ( Fig. 4 ) . The abundance of FJ-stained microglia in KO mice exposed to ethanol ( Fig. 5C ) indicates that microglia in these mice also phagocytosed degenerating neurons. Twenty-four hours after P7 C57BL/6By mice were injected with saline (Ctr) or LPS (1 mg/kg), brains were taken, and the amounts of GM2, ceramide, NAPE, TG, and ChE were analyzed as described in the Materials and Methods, and presented as nanograms per milligram wet weight of brain.
a P < 0.05, the value is signifi cantly different between the saline and the LPS groups by Student's t -test.
b P < 0.01, the value is signifi cantly different between the saline and the LPS groups by Student's t -test. Fig. 9 . LPS-induced GM2 accumulation in astrocytes. Twenty-four hours after injection of LPS intracerebrally into P7 C57BL/6By mice, brains were perfusion-fi xed and the sections were dual-labeled with anti-GM2 (green) and anti-GFAP (red) (A-F), anti-GM2 (green) and anti-Iba-1 (red) (G), or anti-GM2 (green) and anti-CatD antibody (H). Panel (C) is a merged image of (A) and (B), and (D) is an enlarged image of the area of a square shown in (C). Panel (E) is a merged image (GM2 and GFAP) of a section from the control (saline-treated) brain, showing limited GM2 staining. LPS-induced GM2 elevation was observed mostly in the ipsilateral brain (F), and the presence of GM2 in microglia was scant (G), and some of the punctate GM2 staining was colocalized with CatD (H). The scale bar in (A) indicates 100 m, and the magnifi cation of images of (B), (C), and (E) is the same as that of (A). Accumulated gangliosides (GM2 in WT mice and GM3/ GD3 in KO mice) in activated microglia may be derived from overloaded gangliosides of degenerating neurons engulfed by microglia, based on the subcellular localization of accumulated gangliosides. Especially, accumulation of GM3, but not GD3, in the KO mice 48 h after ethanol treatment ( Fig. 5A, B ) indicates that ganglioside accumulation occurs in the degradation pathway. Compared with the accumulation of GM2 in WT mice, the amounts of GD3/GM3 increased in the KO mice by ethanol were much higher ( Table 1 ). The apparent slower clearance of accumulated gangliosides and FJ + debris in KO mice compared with that of WT mice ( Fig. 5 ) may suggest that the endosomal/ lysosomal degradation pathway is more disturbed in the KO mice. The KO mice may need to eliminate a higher number of degenerating neurons than WT mice, or the endosomal/ lysosomal pathway may be disrupted in the KO mice because of the lack of GM2/GD2 or downstream gangliosides. In addition, the accumulation of GM2 or GD3/GM3 may be promoted by enhanced lipogenesis and augmented de novo ceramide/ganglioside synthesis by ethanol, as we have shown previously in C57BL/6By mice ( 15, 17 ) and in cultured neurons ( 47 ) . While mechanisms of preferential elevation of GM2 in phagocytic microglia in WT mice remain to be elucidated, accumulation of simple gangliosides, such as GM3 and GM2, have often been reported in lysosomal storage diseases, neurodegenerative diseases, and neuroinjury models ( 23, 27-29, 34-36, 50, 51 ) . Even when a primary defi ciency in a lysosomal glycohydrolase, activator protein, or saposin directly involved in the degradation of GM2 or GM3 ( 52 ) is not present, the accumulation of GM2/GM3 appears to occur, at least in part, in the endosomal/lysosomal system ( 26, 29, 30, 34, 53 ) and/or in lipid rafts ( 24, 27, 33 ) . As well as for defi ciencies in catabolic proteins not directly involved in degradation of these gangliosides, defects in traffi cking of gangliosides from endosomes to the Golgi apparatus ( 53, 54 ) or from late endosomes to lysosomes ( 55, 56 ) also observed in some lysosomal storage diseases can produce similar accumulation. In chronic diseases, such ganglioside accumulation is typically detected in neurons ( 29, 30, 34, 57 ) and, in some cases, in activated microglia ( 51 ) . However, neuronal accumulation of GM2 was relatively limited in our acute neonatal injury models ( 16 ) , probably because of prompt clearance of apoptotic neurons generated acutely by ethanol ( 12 ) .
Along with GM2 accumulation in microglia, ethanolinduced neurodegeneration in P7 WT mice was accompanied by appearance of GFAP + GM2 + cells with the morphology of astrocytes. In agreement with previous studies ( 3 ), the number of GFAP + cells in the cortex increased 24 h after ethanol treatment, probably refl ecting a reactive astrogliosis or enhancement of astrocyte differentiation. Intriguingly, many of these cells, especially in layer IV/V of the cortex (Area I) and the white matter area near the cingulum and external capsule (Area II), expressed punctate GM2 staining ( Figs. 2, 6 ). Similar to the case with microglia, the appearance of GM2 in astrocytes arguably could originate from neuronal material or from intrinsic changes in ganglioside metabolism. The former is supported by evidence of GM2 colocalizing with lysosomal markers (LAMP1, CatD) ( Fig. 2C ) in astrocytes after ethanol exposure. This is compatible with degradation of phagocytosed material from degenerating neurons rich in gangliosides, and correlates with the rapid appearance of astrocytic GM2 in the deep cortical layers/corpus callosum area (Area II) where degenerating neurites are present ( 14 ) for potential engulfment. Phagocytosis by astrocytes has been documented in, for example, synaptic elimination during development ( 58 ) and elimination of dead cells following acute traumatic brain injury ( 59 ) . The second explanation, astrocyte-intrinsic changes in gangliosides, is supported by the observed increase in GM2 + GFAP + cells found with LPS treatment ( Fig. 9 ) despite barely any evidence of neurodegeneration detectable by FJ staining, although LPS may induce degeneration of preoligodendrocytes, as reported in neonatal rats ( 40 ) . Further investigation is needed to determine whether astrocyte activation/differentiation induced by ethanol or LPS increases de novo synthesis of GM2, but it has been shown that ethanol increases lipogenesis and de novo ceramide synthesis in the P7 brain ( 15, 17 ) , and LPS induces augmentation of sphingolipid synthesis in the liver ( 60 ) .
In adult rodents, GD3 increases in both activated microglia and reactive astrocytes ( 61 ) . However, diffuse GD3 staining detected in neurons and glia in WT neonatal mice in this study was not signifi cantly enhanced by ethanol treatment (data not shown). It could be that GFAP +
GM2
+ cells only appear in the acutely injured developing brain. Interestingly, while after 24 h ethanol induced neurodegeneration and microglial activation in GalNAcT KO mice, they showed no signifi cant increase in GFAP + cell number or GD3/GM3 in GFAP + cells. Pending time course studies to determine whether elevation in the GFAP + cell number might have been delayed or attenuated in KO mice, these results suggest that the loss of GM2/GD2 or other ganglio series gangliosides in GalNAcT KO mice affects astrocyte activation/differentiation, while microglial activation is not deterred. Although the reason for this reduced astroglial activation in the KO mice remains to be clarifi ed, there are several possibilities based on previous studies. First, it has been reported that both LPS and ethanol activate Toll-like receptor 4 (TLR4) endocytosis and the subsequent signaling for infl ammatory responses in cortical astrocytes, which are inhibited by the lipid raft disruption ( 62 ) . Because lipid rafts of GalNAcT KO mice are partially disrupted because of the alteration in the ganglioside composition ( 63, 64 ) , TLR4-mediated astrocyte activation may be disturbed in the KO mice. Further experiments involving TLR4 signaling, such as LPS treatment of the KO mice, may clarify this possibility. In this case, not only the lack of GM2, but also the lack of other downstream gangliosides, is likely to cause lipid raft disturbances ( 63, 64 ) . Second, it is possible that a specifi c ganglioside (GM2, GD2, or other downstream gangliosides) is involved directly in acute astrocyte activation. Previous studies ( 65, 66 ) indicate that LacCer elevation is necessary for chronic pro-infl ammatory activation of astrocytes. Likewise, GM2 or other downstream gangliosides may be necessary for acute astrocyte activation. Studies testing the effects of exogenous GM2 (or other gangliosides such as GM1) on ethanol/LPS-induced astrocyte activation in KO mice or in cultured astrocytes derived from KO mice may give insight into the roles of gangliosides in astrocyte activation.
Previously, we proposed that GM2 found in mitochondria in WT brain exposed to ethanol plays a role in neurodegenerative processes, because GM2, as well as GD3, enhanced cytochrome c release from isolated mitochondria ( 16, 21 ) . The present experiments showing that ethanol still induced robust neurodegeneration in KO mice ( Fig. 3 ) favor the putative importance of GD3 over GM2 in mitochondria-mediated apoptosis in GalNAcT KO mice, in line with a reported role for GD3 in CD95/Fas-mediated apoptosis in lymphocytes ( 21 ) . It is also possible that the lack of neuroprotective GM1 ganglioside in KO mice rendered neurons more vulnerable to apoptotic stimuli, as shown in previous studies (67) (68) (69) . While ethanol-induced microglial and astroglial activation observed in WT mice can be both benefi cial and detrimental to neuronal degeneration (70) (71) (72) (73) , microglial phagocytosis is generally considered a neuroprotective process ( 74 ) . Our previous and present studies indicate that activated microglia are engaged in the removal of dead neurons and thus help prevent further neurodegeneration ( 75, 76 ) without inducing classical neuroinfl ammation, as demonstrated in other binge ethanol exposure models in the developing ( 4 ) and adult brain ( 77 ) . Considering that ethanol induced more neurodegeneration with less elevation in the number of GFAP + cells in GalNAcT KO mice, it is possible that GFAP + GM2
+ cells also exert neuroprotection rather than a deleterious neuroinfl ammation under our experimental conditions. It has been reported that hypoxic preconditioning of neonatal rats induces the precocious differentiation of astrocytes and exerts the neuroprotection ( 78 ) . In this context, our preliminary studies indicate that LPS pretreatment in P7 mice attenuates or delays ethanol-induced neurodegeneration.
Thus, the present studies support our concept that GM2 elevation is associated with glial activation in the injured developing brain, and GM2 may be considered a sensitive marker for this pathological condition. Because GalNAcT deletion alters the astroglial response during ethanolinduced neurodegeneration, GM2/GD2 or other downstream gangliosides may be involved in glial activation/ differentiation.
